We have recently found that okadaic acid, which shows strong inhibitor y activity on protein serine͞threonine phosphatases and tumor-promoting activity in vivo and in vitro, induces minisatellite mutation (MSM). Human tumors and chemically induced counterparts in experimental animals are also sometimes associated with MSM. In the present study, we demonstrated minisatellite (MS) instability in severe combined immunodeficiency (SCID) cells in which the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is impaired. Cells from a SCID fibroblast cell line transformed by simian virus 40 large tumor antigen, SC3VA2, and from an embryonal SCID fibroblast cell line, SC1K, were cloned and propagated to 10 7 to 10 8 cells, and then subjected to subcloning. After propagation of each subclone to 10 7 to 10 8 cells, DNA samples were digested with HinfI and analyzed by Southern blotting using the Pc-1 MS sequence as a probe. Under low-stringency conditions, about 40 MS bands were detected, with 45% ؎ 6% and 37% ؎ 3% of SC3VA2 and SC1K cells, respectively, having MSM. In contrast, cells from the RD13B2 cell line, which was established from SCVA2 by introducing human chromosome 8q fragments, on which DNA-PKcs is known to reside, to complement the SCID phenotype, showed a very low frequency of MSM (3% ؎ 3%). The high frequencies of MSM in SC3VA2 and SC1K were significant, with no difference between the two. The present study clearly demonstrates that MS instability exists in SCID fibroblasts, suggesting that DNA-PKcs might be involved in the stable maintenance of MS sequences in the genome.
A great deal of evidence has accumulated in support of the conclusion that multiple genetic alterations are required for carcinogenesis, and it has been clearly shown that genomic instability contributes to cancer development and malignant progression. The genomic instability is caused by mutations in the cellular machinery that is responsible for accurate DNA replication. Further, instability is often due to deficiencies in the checking system for DNA damage in the G 1 ͞S and G 2 ͞M transition phases.
Genetic alterations in mismatch-repair genes participate in hereditary nonpolyposis colon cancer (1, 2) and also in various sporadic cancers. Tumors demonstrate a high frequency of alteration in the number of repeat units of microsatellite (MI) sequences (3, 4) . For instance, colon cancer cells with MI instability exhibit mutations in the type II transforming growth factor ␤ receptor gene or BAX gene, and this might be causally involved in cancer development (5, 6) .
There is another type of tandem repeat sequence called the minisatellite (MS) in vertebrates. MSs are tandem repeat arrays that are locus specific but have a consensus sequence that varies in the range of 5 to 100 bp, thousands of those being widely dispersed throughout the genome (7) .
It has been shown that MS sequences are mutated at a remarkably high rate in germ cells through meiotic recombination (8), but they are relatively stable in somatic cells (9) . However, in cells malignantly transformed by ␥-irradiation or genotoxic carcinogens, MS mutations (MSMs) are observed more frequently than in nonmalignant immortalized cell lines (10, 11) . MSMs have also been found in various human tumors (12, 13) and experimental animal tumors induced by chemical carcinogens (14, 15) .
Recently, we have demonstrated that treatment of cultured cells with a tumor promoter, okadaic acid (OA), causes an increase in MSM (16) . OA is an inhibitor of protein serine͞ threonine phosphatases and it has thus been suspected that changes in the phosphorylation state of some proteins might contribute to MSM. According to the model proposed by Jeffreys et al. (7, 9) , mutations in MSs are initiated by the introduction of double-strand breaks (DSBs) into tandem repeat sequences. Thus, there is a possibility that genetic defects in the DSB repair system could cause MS instability.
Severe combined immunodeficient (SCID) mice are deficient in DSB repair and are thus sensitive to ionizing radiation (17) (18) (19) . Their lymphocytes are unable to carry out V(D)J recombination (20) . SCID cells have been demonstrated to be deficient in DNA-dependent protein kinase (DNA-PK) (21), having a base-substitution mutation in the gene for its catalytic subunit, DNA-PKcs, which leads to truncation of the protein (22) . DNA-PKcs has been mapped to the human chromosome 8q11 (21, 23) . In this study, we demonstrated MS instability in SCID mouse-derived fibroblast cell lines by multilocus DNA fingerprint analysis. In addition, a SCID cell line harboring fragments of human chromosome 8 containing the human DNA-PKcs region was found to have restored MS instability.
MATERIALS AND METHODS
Cell Lines and Culture Conditions. A simian virus 40 (SV40) large tumor antigen-transformed SCID mouse lung fibroblast cell line, SC3VA2, and its derivative RD13B2, in which the SCID phenotype has been complemented by introduction of human chromosome fragments of 8q11-12 and 8q21-22 regions (24), were used. SC1K, an embryonal fibro-blast cell line from a SCID mouse (25), was kindly provided by H. Kimura (Shiga Medical College, Ohtsu, Japan). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (vol͞vol) heat-inactivated fetal bovine serum (JRH Biosciences, Lenexa, KS), glutamine (4 mM), penicillin (50 units͞ml), and streptomycin (50 g͞ml) and subjected to two rounds of the cloning procedure. Individual clones obtained by the first cloning were propagated to approximately 10 7 to 10 8 cells, and then aliquots were subjected to subcloning and further propagation to 10 7 to 10 8 cells. DNA was extracted from the clones and their subclones.
Preparation of Genomic DNA. DNA from cells was extracted as described earlier (26) with some modifications. In brief, lysis buffer (100 mM Tris⅐HCl, pH 8.5͞5 mM EDTA͞ 0.2% SDS͞200 mM NaCl͞100 g/ml proteinase K) was directly added to the culture dish, and the dish was incubated overnight at 37°C. DNA was precipitated by addition of an equal volume of isopropyl alcohol to the dish, rinsed with 70% (vol͞vol) ethanol, and then dissolved in TE buffer (10 mM Tris⅐HCl͞1 mM EDTA, pH 8.0).
MS DNA Probe. A plasmid carrying an MS sequence, Pc-1, was kindly provided by R. Kominami (Niigata University School of Medicine, Niigata, Japan). Pc-1 consists of (GGGCA) 28 flanked with locus-specific sequences (27) . The inserted Pc-1 sequence was isolated from the plasmid and labeled with [␣-32 P]dCTP by the random priming method using the Multiprime DNA labeling system (Amersham).
DNA Fingerprint Analysis. Southern blot analysis was performed, using Pc-1 as a probe under low-stringency conditions. Samples (2.5 g) of genomic DNA were digested with restriction enzyme HinfI, electrophoresed in 1.2% agarose gels in 1ϫ TAE buffer (40 mM Tris⅐HCl͞40 mM acetic acid͞1 mM EDTA, pH 8.0) at 3 V͞cm for 14-16 h, and Southern blot analysis was performed as described (16) .
MI Analysis. The following 10 MI loci were amplified by PCR: D1Mit1, D3Mit4, D3Mit3, D5Mit99, D6Mit1, D7Mit55, D8Mit12, D9Mit263, D12NDS2, and D13Mit9. PCR primers were included in the murine genome screening set, Mouse MapPairs (Research Genetics, Huntsville, AL). PCR products were labeled with [␣-32 P]dCTP, electrophoresed through denaturing 6% polyacrylamide gels, and autoradiographed.
RESULTS
MS in the SCID Cells: Analysis of Clones. MSM was evaluated, in fibroblast cells derived from SCID mice in which DNA-PKcs is impaired, by fingerprint analysis after cloning. Totals of 25, 30, and 12 clones were obtained from SC3VA2, an SV40-transformed line, SC1K, an embryonal line, and RD13B2, an SC3VA2-derived line whose SCID phenotype had been complemented by fragments of human chromosome 8 on which DNA-PKcs resides, respectively. Fingerprint analysis of MS was performed for HinfI-digested DNA, using Pc-1 as a probe. About 40 bands were distinguishable in each DNA sample under the conditions used. Surprisingly, clones from SC3VA2 showed an extremely high frequency of MSM, so that band patterns of all 25 clones were distinct from one another (Fig. 1) . In the embryonal SCID cell line, SC1K, MSMs were detected in 22 of 30 clones. On the other hand, in the RD13B2 cell line retaining human chromosome 8 fragments, MSMs were detected at a lower frequency, in 3 of the 12 clones (data not shown).
MSMs might accumulate in cells during the long-term cell culture if they have no adverse effects on cell growth. To clarify how frequently the MSM occurs during short-term cell culture, we randomly selected several of the clones isolated from each cell line and propagated them to 10 7 to 10 8 cells, before subjecting them to subcloning.
MS Instability in the SCID Cells: Analysis of Subclones. We subjected 5, 2, and 3 clones of SC3VA2, SC1K, and RD13B2, respectively, to subcloning, and 18 -20 subclones were obtained from each clone. Results of fingerprint analysis of these cells are summarized in Table 1 , and typical fingerprints are shown in Fig. 2 . MSMs were detected in about half of the subclones obtained from the SC3VA2 and SC1K cell lines. Some subclones of SC3VA2 and SC1K showed the same MSM fingerprints (e.g., lanes 1, 4, 5, 12, 17, and 19 of Fig. 2a and lanes 7, 17, and 18 of Fig. 2b ), so that members of these subclone groups could have been the progenies of the one having MSM. In the parental clones, the mutants might be present as fairly large populations, but could not be detected due to the intrinsic property of the mutation, loss of a faint band. By counting the MSM-positive cells that had different fingerprints, mutation frequencies of SC3VA2 and SC1K were estimated to be 45% Ϯ 6% and 37% Ϯ 3%, respectively (see Table 1 ). On the other hand, only 3% Ϯ 3% subclones of RD13B2, the complemented cell line, showed the MSM. Although there was no significant difference between SC3VA2 and SC1K ( 2 ϭ 0.7, P Ͼ 0.1), they were evidently different from the value of RD13B2 ( 2 ϭ 31.4, P Ͻ 0.001 for SC3VA and 2 ϭ 19.1, P Ͻ 0.001 for FIG. 1. DNA fingerprints of first subclones of SC3VA2 cells. Genomic DNA was digested with HinfI and hybridized with the 32 P-labeled MS probe, Pc-1. About 40 MS bands were detected in each clone at the range of 3-10 kbp. Note the band patterns of each clone were distinct from one another. The clones circled were subjected to subcloning. SC1K). Thus, we conclude that SCID cells have MS instability. We also evaluated MI instability in 80 subclones-namely 20 each from four clones of SC3VA2-2, SC3VA2-3, RD13B2-4, and RD13B2-6-for 10 MI loci by PCR, but no MI mutations could be found (data not shown).
DISCUSSION
In the present study we were able to demonstrate MS instability in SCID fibroblast cell lines by DNA fingerprint analysis after two rounds of cloning. During the period in which a single cell that was obtained by the first cloning propagates to 10 7 to 10 8 cells, MSMs were induced. Because of the sensitivity of DNA fingerprint analysis, the MSMs detected might be those that were already present in the parental clone (10 7 to 10 8 cells) or induced at the relatively early phase of growth of the second clone.
The SCID fibroblast cell line derived from a SCID embryo and that transformed with SV40-large tumor (T) antigen showed similar MSM levels. Thus, no significant contribution of SV40 large T to the induction of MS instability by the DNA-PKcs deficiency was detected, although a slightly higher frequency of MSM was observed with the large T transformant. The effect of only SV40 large T on MS sequence remains to be determined. Further, MS instability was repressed in RD13B2, which was derived from SC3VA2 with introduction of human chromosome fragments containing 8q11-12 and 21-22 regions. The chromosomal locus for DNA-PKcs identified as a complement of SCID function has been assigned to human chromosome 8q11 (21, 23) . We also confirmed the expression of the human DNA-PKcs protein in the RD13B2 cell by the immunoblot analysis with an anti-human DNAPKcs polyclonal antibody (Serotec) (data not shown). Although we could not eliminate the possibility that the MS instability was restored by other unknown factors existing in the introduced fragments of human chromosome 8, DNAPKcs is a strong candidate for this restoration. The frequency of the MSM observed in RD13B2 cells was similar to that found in our study of NIH 3T3 cells (16) and by others working with non-SCID cell lines (11, 28) .
Since MSM has been detected in various human neoplasms (12, 13) as well as in experimental animal tumors (14, 15) , it is suspected that MS instability, like MI instability, is involved in cancer development. It is known that SCID mice spontaneously develop lymphomas, and mutations in the p53 and Scid genes cooperate in this tumorigenesis; p53 Ϫ/Ϫ Scid doublemutant mice develop lymphomas earlier than their p53 Ϫ/Ϫ counterparts (29) . However, it has not yet been established whether SCID mice are sensitive to chemical-caused cancer development in other organs. Because the number of genetic alterations required for development of lymphoma is small (30) , it is very plausible that the SCID mouse is also sensitive to carcinogenesis of various organs when initiation is provoked with DNA-damaging agents.
In this study, analysis of migration changes of DNA fragments that hybridized with the Pc-1 probe under lowstringency conditions, after digestion with the HinfI restriction enzyme, revealed appearance, loss, and shift of bands. Most bands we detected under this condition seem to be MS sequences because they were shifted in different strains of mice (unpublished result) and alterations were therefore evaluated as MSM. Some of the subclones had two or more migrationaltered bands, although the alteration patterns of bandsappearance, loss, or shift-sometimes could not be distinguished. So, we determined the ratios of MSM-positive subclones. Although some bands showed differences in relative intensity, these were not evaluated as MSM. The gross changes were presumably due to rearrangement of DNA in the MS sequences, and base-change mutation at the HinfI restriction site is not a plausible mechanism, as judged on the basis of the mutation frequencies (the MSM rate is roughly estimated to be about 10 Ϫ3 per cell division per locus).
As for the molecular mechanisms of MSM in somatic cells, it was proposed by Jeffreys and Neumann that unequal sister chromatid exchange and intramolecular recombination rather than replication slippage might be involved (31). Our results support this idea on the basis that we could not detect any length alterations in MI sequences. Although DSBs have been suggested to be a possible causal factor for MSM in germ cells, their role in somatic cells has yet to be clarified. MSM induced by x-irradiation was detected only with a specific sequence (11) . DNA-PKcs forms complexes with a heterodimer of Ku70 and Ku86 at the end of a DSB, and thereby gains high protein kinase activity (32) . This activity has been demonstrated to be involved in the repair of DSBs. At present, it is unclear whether Ku70 or Ku86 deficiency can induce MS instability.
ATM (the gene product of ataxia-telangiectasia mutated), another member of the phosphatidylinositol 3-kinase-related kinase family, like DNA-PKcs (33, 34) , functions as a monitor of DNA damage during the cell proliferation cycle, at G 1 ͞S, S, and G 2 ͞M, and loss of ATM function is known to result in genomic instability (35) . DNA-PKcs does not appear to be involved in G 1 ͞S or G 2 ͞M arrest (36, 37) , but rather may be necessary for exit from the DNA damage-induced G 2 checkpoint arrest (38) . Cells that remain at this checkpoint will not be able to survive. Therefore, the MS instability detected in SCID cells may not imply functional loss of the cell cycle check system. SCID cells are known to be sensitive to DSBs in the G 1 ͞S but not the G 2 phase, and involvement of a pathway other than DNA-PK for repair of DSBs in the G 2 phase has been proposed (38) . On the other hand, as sister chromatid exchange occurs in the G 2 phase (39) it is considered that DNA-PK may function to ensure accurate homologous recombination. The precise mechanisms underlying MS instability remain to be elucidated.
We recently found that OA induces MSM in NIH 3T3 cells (16) . Because DNA-PK has been demonstrated to be inactivated through autophosphorylation (40) or phosphorylation by the c-Abl tyrosine kinase, whose activity is increased by phosphorylation with DNA-PK (41), this phosphorylation feedback mechanism may be perturbed in NIH 3T3 cells treated with OA. This point warrants further attention.
In conclusion, the present study suggests a new approach to clarification of the mechanisms of the genomic instability that plays critical roles in malignant progression during carcinogenesis. 
